The development of a balance between excitatory and inhibitory synapses is a critical process in the generation and maturation of functional circuits. Accumulating evidence suggests that neuronal activity plays an important role in achieving such a balance in the developing cortex, but the mechanism that regulates this process is unknown. During development, GABA, the primary inhibitory neurotransmitter in adults, excites neurons as a result of high expression of the Na
Introduction
The development of cortical circuitry is a dynamic and complex process whereby newborn neurons must generate precise connections with surrounding neurons to maintain the balance between excitation and inhibition. Of particular interest is the role of neurotransmitters in the regulation of activity-dependent mechanisms of synaptogenesis. During corticogenesis, the principal adult inhibitory neurotransmitter GABA influences the processes of cell proliferation, migration, and differentiation (Barbin et al., 1993; LoTurco et al., 1995; Heck et al., 2007) . GABAergic signaling precedes glutamatergic signaling in the developing neocortex because newborn neurons express GABA A receptors (GABA A Rs) and receive GABAergic inputs from striatally derived interneurons before forming glutamatergic synapses with each other (Owens et al., 1999; Hennou et al., 2002) . GABAergic signaling is an ideal regulator of activity-dependent neural circuitry formation for two reasons. First, GABA gates a chloride channel and can either depolarize or hyperpolarize a cell depending on the developmentally regulated expression of Cl Ϫ transporters (Delpire, 2000; Owens and Kriegstein, 2002) . Second, GABA can excite neurons without directly producing excitotoxicity because the relatively negative GABA reversal potential and large Cl Ϫ conductance clamps the membrane potential to prevent long activation of voltage-gated channels that might engender toxic amounts of Ca 2ϩ influx. Using strategies to alter the Cl Ϫ gradient in immature neurons, recent studies suggest that GABA-mediated depolarization regulates the synaptic integration of adult-generated hippocampal granule cells as well as formation of glutamatergic synapses in cortical neurons in vitro and in Xenopus tectal neurons in vivo (Chudotvorova et al., 2005; Akerman and Cline, 2006; Ge et al., 2006) . The mechanism of the influence of GABA on excitatory synapse development is unknown, and whether the same process applies to developing cortical neurons remains to be answered.
To investigate the role of GABA in synapse development in the neocortex, we aimed to abolish GABA-mediated excitation in cortical excitatory neurons before and during synapse formation. The effect of GABA on membrane polarity depends on the Cl Ϫ gradient created by the expression of Na ϩ -K ϩ -2Cl Ϫ cotransporter (NKCC) and K ϩ -Cl Ϫ cotransporter (KCC). NKCC1 imports Cl Ϫ and is expressed from the embryonic stage until the first postnatal week, whereas KCC2 exports Cl Ϫ and is weakly expressed at birth and upregulated as the brain matures (Plotkin et al., 1997; Rivera et al., 1999; Li et al., 2002) . The temporal expression patterns of these two transporters correspond to the switch of GABA from being excitatory to inhibitory during the first few weeks of rodent postnatal life (Delpire, 2000) . Here, using in utero electroporation of a short hairpin RNA (shRNA) sequence against Nkcc1, we describe a critical role for GABAinduced excitation in the development of excitatory cortical syn-apses. Blocking NKCC1 with bumetanide during a critical period in development also leads to a failure to develop excitatory synapses that persists to maturity. Furthermore, we provide evidence that GABA-mediated depolarization through GABA A R activation can cooperate with NMDA receptors to allow the newly formed network to achieve a balance between excitation and inhibition. We thus demonstrate that an inhibitory neurotransmitter in the adult can regulate the development of excitatory synapses at early stages of cortical circuit formation.
Materials and Methods
Animals. Timed-pregnant Swiss-Webster dams were obtained from Simonsen Laboratories. All manipulations were performed in accordance with the guidelines of the University of California San Francisco Institutional Animal Care and Use Committee.
Construction, in utero injection, and electroporation of shRNAexpressing plasmids. Green fluorescent protein (GFP) and shRNA oligonucleotides were inserted into pLLox3.7 for coexpression under the U6 promoter (Lois et al., 2002) . The following previously characterized target sequences were used: ACACACTTGTCCTGGGATT (Nkcc1-shRNA); AGTTCCAGTACGGCTCCAA (DsRed-shRNA) (Ge et al., 2006) . For NR1 knockdown experiments, shRNA plasmids were provided by E. Hueske (Massachusetts Institute of Technology, Cambridge, MA). The small interfering RNA sequence was screened through GGCAGUAAACCAGGCCAAUTT (Ambion) and cloned into Topo2.1 vector for expression under the U6 promoter. Plasmids were introduced into the in vivo developing cortex by intraventricular injection and electroporation (Saito and Nakatsuji, 2001) . Intraventricular injections were performed in embryonic day 15 (E15) timed-pregnant Swiss-Webster mice as described previously (Noctor et al., 2001 ). Electroporations were performed using an Electro Square Porator ECM830 (Genetronics; five pulses, 45 mV, 100 ms, 1 s interval). One microliter of DNA was injected per brain at the following concentrations: shRNA constructs at 1.5 g/l; rescue constructs at molar ratios of 2:1 (Nkcc1:Nkcc1-shRNA), 2:1 (YFP: Nkcc1-shRNA), 1:2 (YFP:NR2Amut), 1:2 (YFP:NR2A), and 1:1 (NR2Amut:Nkcc1-shRNA).
Immunohistochemistry and confocal imaging. Coronal brain sections (14 m thick) were prepared from electroporated brains of neonatal mice after transcardial perfusion with PBS followed by 4% paraformaldehyde. For NKCC1 staining, the sections were pretreated with 1% SDS and 8% ␤-mercaptoethanol in PBS for 15 min as described previously (Ge et al., 2006) . Sections were blocked in a solution containing 2% gelatin, 10% serum, and 1% Triton X-100 in PBS for 2 h. Sections were incubated overnight in the following primary antibodies: mouse anti-NKCC1 (T4, 1:200; Developmental Studies Hybridoma Bank), rabbit anti-KCC2 (1:400; Upstate Biotechnology), and chicken anti-GFP (1: 500; Aves Labs). Secondary antibodies included Alexa 488/568 conjugates (Invitrogen) or Cy3/Cy5 conjugates (Jackson ImmunoResearch). Images were acquired on an Olympus Fluoview 300 and a Leica SP5 laser-scanning confocal microscope. Images of NKCC1 staining represent collapsed 3 m stacks collected at 1 m steps. Images were analyzed using Photoshop 7.0 (Adobe Systems).
Cell iontophoresis and morphological analysis. Electroporated postnatal mice were perfused as described previously, and 300-m-thick coronal sections were cut using a Vibratome (Leica VT1000S) and stored in PBS. GFP ϩ pyramidal neurons were visualized by differential interference contrast (DIC) and fluorescence microscopy (Olympus BX50WI). Sharp microelectrodes were pulled from borosilicate glass capillaries to ϳ70 M⍀ (measured with 1 M KCl). The electrode tip was filled with 1% DiI in 100% ethanol. The rest of the electrode was then filled with 100% ethanol. After penetrating the cell body with the electrode, dye was expelled by 1-50 nA positive current using the Master-8 pulse generator and Iso-Flex electrostimulator (A.M.P.I.) for1-3 min depending on cell size. Sections were then fixed in 4% paraformaldehyde overnight. For morphology analysis of the GFP ϩ DiI-filled pyramidal neurons, threedimensional reconstructions of the cell body and dendritic processes were made from Z-series stacks of confocal images. The images were collapsed, the cell body was semiautomatically traced with NIH ImageJ (http://rsb.info.nih.gov/ij/), and the area of the traced soma was calculated. Quantifications of primary dendrites were made from the threedimensional reconstructed images and Z-series stacks. Spine densities were calculated by counting the number of spines on a highmagnification collapsed Z-stack and dividing the total spine by the length of the dendrite. Spine lengths were calculated using the measuring function in NIH ImageJ. The distributions of the primary dendrite number of each individual neuron under different conditions are shown as cumulative distribution plots (see Fig. 4C ). A total of 25 neurons from four animals injected with Nkcc1-shRNA and 6 neurons from three animals injected with DsRed-shRNA were analyzed at 2 weeks. A total of 30 neurons from four animals injected with Nkcc1-shRNA and 19 neurons from four animals injected with DsRed-shRNA were analyzed at 3 weeks. Statistical significance ( p Ͻ 0.05) between control and experimental groups was assessed using the Student's t test.
Electrophysiology. Electroporated postnatal mice at different ages were anesthetized and processed for slice preparation as described previously (Owens et al., 1996) . The brains were quickly removed into ice-cold CSF (ACSF) containing (in mM) 124 NaCl, 5 KCl, 1.25 NaH 2 PO 4 , 1 MgSO 4 , 2 CaCl 2 , 26 NaHCO 3 , and 10 glucose oxygenated with 95% O 2 -5% CO 2 , pH 7.4. Brains from postnatal day 0 (P0) to P5 animals were embedded in 4% low-melting-point agarose in ACSF, hardened on ice, and cut into coronal slices (300 m thick) using a Vibratome (Leica VT1000S). Brains from older animals were cut directly on the vibratome, and sections were confined to the sensorimotor regions of the cortex. Electrophysiological recordings were obtained at room temperature from sections continuously superfused with oxygenated ACSF. GFP ϩ pyramidal neurons were visualized by DIC and fluorescence microscopy and were identified by their green fluorescence, location within layer II/III of cortex, neuronal morphology, and current profile in response to 20 mV voltage steps. Microelectrodes (6 -8 M⍀ resistance) were pulled from borosilicate glass capillaries and filled with the following solution (in mM): 130 KCl, 5 NaCl, 0.4 CaCl 2 , 1 MgCl 2 , 10 HEPES, pH 7.3, 11 EGTA, and 0.1% Lucifer yellow for the majority of the recordings. For perforated patch recordings, the gramicidin stock (10 mg/ml in DMSO) was diluted in the internal pipette solution above to a final concentration of 25 g/ml. The tip of the pipette was filled with the gramicidin-containing solution, and the rest was filled with normal internal pipette solution. Gigaohm seals were made, and cells were applied in voltage ramps from Ϫ140 to ϩ100 mV every 20 s to monitor current changes. After ramp currents stabilized, 3 s focal application of 100 M GABA (Research Biochemicals) was applied using the DAD superperfusion system (ALA Scientific) to activate GABA A Rs on the GFP ϩ neurons. Voltage ramps from Ϫ140 to ϩ100 mV were applied before and after GABA application. The resulting currents were then subtracted, and the difference were plotted as I-V curves (see Fig. 1B ). E GABA was determined for each cell as x-intercept of I-V curves. To characterize spontaneous postsynaptic currents (sPSCs), 5-20 min of whole-cell recordings were made using a Double Patch-clamp EPC9/2 (HEKA Elektronik) at 10 kHz. The series and input resistances were monitored, and only those that changed Ͻ20% during experiments were used for data analysis. Traces were analyzed using Igor Pro or MiniAnalysis (Synaptsoft) programs. Each synaptic event was manually selected based on rise time, amplitude, and decay properties. Additional drugs were added as indicated with the following estimated final concentrations: bicuculline methiodide (100 M; Sigma), DNQX (20 M; Tocris), and tetrodotoxin (TTx; 0.5 M; Calbiochem). To characterize NMDA channel currents, outside-out patches were formed by slowly pulling the pipettes out of the slice after whole-cell recording. NMDA (30 M) or glutamate (100 M; Sigma) was applied to patches, and recordings were performed in ACSF containing TTx (0.5 M), bicuculline methiodide (50 M), DNQX (10 M), and glycine (40 M;, Sigma). Unless otherwise noted, the holding potential for voltage-clamp recordings was Ϫ70 mV. Statistical significance ( p Ͻ 0.05) between control and experimental groups was assessed using a two-tailed Student's t test.
Results

Acute knockdown of NKCC1 in newborn cortical neurons
To study the role of GABA in the development of cortical circuitry, we used an RNA interference (RNAi) strategy to knock-down the expression of NKCC1, a Cl Ϫ importer responsible for GABA-induced depolarization in immature neurons (Delpire, 2000) . We performed in utero electroporation of plasmids coexpressing GFP and a previously characterized shRNA against Nkcc1 in 15-d-old embryonic mice, during the birth of mid-to upper-layer cortical neurons (Ge et al., 2006) . In utero RNAi provides both temporal and spatial control over loss of function and bypasses the pitfalls of potential genetic compensations often observed in knock-out animals. To test the ability of the shRNAs to knockdown endogenous NKCC1 protein in newborn neurons in the developing cortex, we performed immunohistochemistry of GFP ϩ cells in electroporated cortices of neonatal (P0) mice. Nkcc1-shRNA, but not control shRNA, reduced the expression of NKCC1 in immature cortical neurons without affecting the expression of KCC2, a Cl Ϫ exporter expressed after birth and maintained through adulthood to make GABA hyperpolarizing ( Fig. 1 A) . We further tested the efficacy of Nkcc1-shRNA by gramicidin-perforated patch recording of electroporated neurons at P0 to measure the intracellular Cl Ϫ concentration without perturbing the Cl Ϫ gradient. The GABA reversal potential (E GABA ) was significantly more negative in Nkcc1-shRNAexpressing neurons than in control neocortical neurons (DsRed-shRNA, Ϫ40.29 Ϯ 3.10 mV; Nkcc1-shRNA, Ϫ71.17 Ϯ 3.77 mV; p Ͻ 0.0001) ( Fig.  1 B, D) . Given the unchanged resting membrane potential of electroporated cortical neurons at P0 (DsRed-shRNA, Ϫ54.75 Ϯ 1.18 mV; Nkcc1-shRNA, Ϫ55.45 Ϯ 2.01 mV), GABA hyperpolarized cells expressing Nkcc1-shRNA, thus validating the effectiveness of RNAi knockdown to abolish GABA-induced depolarization ( Fig. 1 D) .
GABA regulates synaptic integration of newborn cortical neurons
To test the ability of newborn cortical neurons to develop synaptic connections in the absence of GABA-induced depolarization in vivo, we recorded sPSCs in electroporated GFP ϩ neurons at a holding potential of Ϫ70 mV in the presence of TTx (0.5 M). As newborn cortical neurons mature, they sequentially receive inhibitory and excitatory synaptic inputs that can be measured in the form of sPSCs (Owens et al., 1999; Tyzio et al., 1999; Hennou et al., 2002) . In the first postnatal week, control GFP ϩ neurons exhibited few sPSCs, all of which were blocked by bicuculline and therefore GABAergic (Fig.  2 A, B) . However, we could not detect any sPSCs in Nkcc1-shRNA-expressing cells at this time (Fig. 2 A, B) . By the second and third postnatal week, the total frequencies of sPSCs in control cells had increased significantly ( Fig. 2 A, B ), yet Nkcc1-shRNA neurons had sPSC frequencies at 11 and 42% of those observed in respective control cells, indicating defects in synaptic integration of Nkcc1-shRNAexpressing neurons (t test; DsRed-shRNA vs Nkcc1-shRNA; 2 weeks: 1.93 Ϯ 0.25 vs 0.22 Ϯ 0.05 Hz, p Ͻ 0.0001; 3 weeks: 3.62 Ϯ 0.64 vs 1.51 Ϯ 0.36 Hz, p ϭ 0.0053) (Fig. 2C) .
We next investigated the type of synaptic transmission that the newborn cortical neurons receive after integration of cortical circuitry. Previous studies have shown that cortical neurons undergo the sequential development of GABA, followed by AMPA synapses (Chen et al., 1995; Khazipov et al., 2001; Hennou et al., 2002) . To isolate the AMPA and GABAergic sPSCs, we bath applied the GABA A R antagonist bicuculline methiodide (100 M) and non-NMDA glutamate receptor antagonist DNQX (20 M), respectively (Fig. 2 A) . In control GFP ϩ cells, the newborn neurons followed the previously characterized sequential development of GABAϪ and AMPAϪ synaptic innervation, whereby all sPSCs were GABAergic in the first postnatal week, but AMPAmediated sPSCs appeared by 2 weeks and increased in frequency by 3 weeks (Fig. 2 A) (Owens et al., 1999; Tyzio et al., 1999; Hennou et al., 2002) . In contrast, in the Nkcc1-shRNA-expressing neurons, there was marked reduction in the frequency of AMPAmediated synaptic transmission at 2 and 3 weeks (t test; DsRedshRNA vs Nkcc1-shRNA; 2 weeks: 0.86 Ϯ 0.14 vs 0.06 Ϯ 0.03 Hz, p Ͻ 0.0001; 3 weeks: 1.61 Ϯ 0.39 vs 0.16 Ϯ 0.10 Hz, p ϭ 0.0005) (Fig. 2 D) . The fractions of total synaptic currents that are AMPA mediated in Nkcc1-knockdown neurons were significantly reduced compared with that of controls (t test; DsRed-shRNA vs Nkcc1-shRNA; 2 weeks: 0.46 Ϯ 0.08 vs 0.16 Ϯ 0.05, p ϭ 0.0046; 3 weeks: 0.55 Ϯ 0.08 vs 0.09 Ϯ 0.05, p Ͻ 0.0001) (Fig. 2 D) . Interestingly, the frequency of GABA sPSCs in knockdown neurons was significantly reduced at 2 weeks but reached normal levels by 3 weeks (t test; DsRed-shRNA vs Nkcc1-shRNA; 2 weeks: 0.70 Ϯ 0.15 vs 0.20 Ϯ 0.04 Hz, p ϭ 0.0042; 3 weeks: 1.87 Ϯ 0.48 vs 1.55 Ϯ 0.61 Hz, p ϭ 0.6885) (Fig. 2 E) . In fact, nearly all of the sPSCs at 2 and 3 weeks, 92 and 81%, respectively, were GABAergic in Nkcc1-shRNA neurons (t test; DsRed-shRNA vs Nkcc1-shRNA; 2 weeks: 0.39 Ϯ 0.07 vs 0.92 Ϯ 0.13, p ϭ 0.0013; 3 weeks: 0.61 Ϯ 0.02 vs 0.81 Ϯ 0.05, p ϭ 0.0018) (Fig. 2 E) . The change in sPSC frequency was not accompanied by a significant change in the mean amplitude of sPSCs (t test; DsRed-shRNA vs Nkcc1-shRNA; 1 week: 2.4 Ϯ 1.3 vs 1.1 Ϯ 0.8 pA, p ϭ 0.3575; 2 weeks: 23.5 Ϯ 5.7 vs 16.4 Ϯ 3. 0 pA, p ϭ 0.2592; 3 weeks: 27.3 Ϯ 6.4 vs 34.0 Ϯ 7.1 pA, p ϭ 0.5112) (supplemental Fig. 1 A-C , available at www. jneurosci.org as supplemental material), suggesting that there were no general defects in receptor expression at synapses.
To determine the specificity of the RNAi knockdown, we attempted to rescue the reduced AMPA current phenotype by electroporating the Nkcc1-shRNA together with a plasmid expressing the wild-type mouse Nkcc1 cDNA. Whereas coelectroporation of Nkcc1-shRNA with a control yellow fluorescent protein (YFP)-expressing plasmid had no effect on the Nkcc1-shRNA phenotype, expression of the wild-type Nkcc1 in the same molar ratio as the control conditions rescued the fraction of AMPA-and GABA-mediated sPSCS both at 2 weeks (t test; Nkcc1-shRNA vs Nkcc1; AMPA: 0.16 Ϯ 0.05 vs 0.50 Ϯ 0.06, p ϭ 0.0003; GABA: 0.92 Ϯ 0.13 vs 0.46 Ϯ 0.05, p ϭ 0.0054) and 3 weeks (t test; Nkcc1-shRNA vs Nkcc1; AMPA: 0.12 Ϯ 0.06 vs 0.68 Ϯ 0.07, p Ͻ 0.0001; GABA: 0.81 Ϯ 0.05 vs 0.42 Ϯ 0.08, p ϭ 0.0014) (supplemental Fig. 2 A, B , available at www.jneurosci.org as supplemental material). Together, these findings indicate that reducing GABA-induced excitatory signaling in neurons during development results in defective synaptic development. Our findings also indicate that this perturbation is specifically attributable to reduced excitatory input and altered relative proportions of excitatory and inhibitory inputs on individual neurons.
Blocking NKCC1 with bumetanide disrupts excitatory synapse development in the cortex
Bumetanide, a selective NKCC1 inhibitor, has been demonstrated to suppress certain forms of epileptiform activity in vitro and in vivo, presumably by attenuating the depolarizing effect of GABA (Dzhala et al., 2005; Kilb et al., 2007) . We gave daily intraperitoneal injections of either bumetanide (0.2 mg/kg) or PBS saline to pregnant dams and their pups from E15 until P7 to assess the effects of bumetanide on the developing nervous system. Gramicidin-perforated patch recording of P0 cortical neurons from either bumetanide-or saline-injected mice confirmed that bumetanide could shift E GABA toward a more hyperpolarizing potential (t test; control vs bumetanide; Ϫ40.94 Ϯ 2.76 vs Ϫ66.07 Ϯ 3.87 mV; p Ͻ 0.0001) (Fig. 3A-C) . Recording sPSCs in layer II/III cortical neurons from bumetanide-treated and control mice showed that the overall sPSC frequency was not significantly changed at 2 weeks (t test; control vs bumetanide; 1.8 Ϯ 0.2 vs 1.4 Ϯ 0.2 Hz; p ϭ 0.1283) but was significantly decreased at 4 weeks (t test; control vs bumetanide; 4.3 Ϯ 0.5 vs 3.1 Ϯ 0.4 Hz; p ϭ 0.0141) (Fig. 3D) . Importantly, there was a significant reduction in AMPA sPSC frequency at 2 and 4 weeks, whereas GABA sPSC frequency was unaltered (t test; control vs bumetanide; AMPA frequency: 2 weeks, 0.8 Ϯ 0.1 vs 0.3 Ϯ 0.1 Hz, p ϭ 0.0008; 4 weeks, 1.9 Ϯ 0.3 vs 0.2 Ϯ 0.1 Hz, p Ͻ 0.0001; GABA frequency: 2 weeks, 0.59 Ϯ 0.11 vs 0.68 Ϯ 0.08 Hz, p ϭ 0.5405; 4 weeks, 2.02 Ϯ 0.18 vs 2.01 Ϯ 0.36 Hz, p ϭ 0.9741) (Fig. 3 E, F ) . Similarly, quantifying the proportion of total synaptic inputs that are excitatory or inhibitory revealed that bumetanide-treated animals exhibited a shift that tips the balance toward inhibition (Fig.  3 E, F ) . Together, these data suggest that systemic blockade of NKCC1 with bumetanide during the perinatal period can disrupt excitatory synapse formation in the cortex, resulting in an abnormal balance between excitatory and inhibitory activity in the adult brain.
Nkcc1 knockdown disrupts morphology of cortical neurons
To examine the effect of Nkcc1 knockdown on the morphology of newborn cortical neurons, we used DiI electrophoresis to fill GFP ϩ neurons to label all their main branches and visualized their dendritic arbors in merged confocal stacks. At 2 and 3 weeks postnatal, control GFP ϩ cells had the expected morphology of cortical pyramidal neurons with a basal axon and a thick, prominent apical dendrite (Fig. 4 A) . Compared with the control cells, Nkcc1-shRNA-expressing cells had a thinner apical dendrite that is effectively indistinguishable from other primary dendrites emanating from the cell body. Furthermore, Nkcc1-shRNAexpressing cells had significantly smaller cell bodies, 54 and 38% reduction from soma sizes of the respective age-matched control cells (t test; DsRed-shRNA vs Nkcc1-shRNA; 2 weeks, p Ͻ 0.0001; 3 weeks, p Ͻ 0.0001) (Fig. 4 B) . In addition to the smaller cell body, Nkcc1-shRNA cells also exhibited fewer primary dendrites compared with control cells. At 2 weeks, whereas control neurons had between seven and eight primary dendrites, on average, the experimental GFP ϩ cells had only four to five primary dendrites (t test; DsRed-shRNA vs Nkcc1-shRNA; p ϭ 0.0012) (Fig. 4C) . The reduction in primary dendrites in experimental GFP ϩ cells persisted at 3 weeks postnatal (t test; DsRed-shRNA vs Nkcc1-shRNA; 9.2 Ϯ 0.4 vs 6.5 Ϯ 0.3; p Ͻ 0.0001) (Fig. 4C) .
Given the substantial changes in synaptic physiology and cell morphology of Nkcc1-knockdown neurons, we investigated whether dendritic spines of newborn pyramidal neurons are also affected. We analyzed the mean spine density on secondary apical and basal dendrites of GFP ϩ cells using confocal microscopy. We found that in the control neurons, average spine density increased from 0.53 to 0.62 spines/m as the neurons matured between weeks 2 and 3. In contrast, the Nkcc1-shRNA-expressing cells showed a significant decrease in spine density compared with the controls, 0.26 and 0.40 spines/m at 2 and 3 weeks, respectively (t test; DsRed-shRNA vs Nkcc1-shRNA; 2 weeks, p Ͻ 0.0001; 3 weeks, p Ͻ 0.0001) (Fig. 5 A, B) . To further characterize the dendritic spines, we measured the length of the spines, which is indicative of synapse maturity as longer, thinner spines and filopodia contain fewer AMPA receptors (Matsuzaki et al., 2001) . We found that spines on control GFP ϩ neurons averaged 1.7 and 1.1 m at 2 and 3 weeks, whereas those of Nkcc1-knockdown cells measured 2.2 and 1.4 m for the respective ages (t test; DsRed-shRNA vs Nkcc1-shRNA; 2 weeks, p Ͻ 0.0001; 3 weeks, p Ͻ 0.0001) (Fig.  5 A, C) . The decreased spine density and increased spine length in the experimental neurons correlates with the overall decrease in AMPA sPSC frequency, demonstrating that GABA activity plays a permissive role for the synaptic organization of newborn cortical neurons.
GABA depolarization activates NMDA receptors to regulate excitatory synapse formation
A long line of evidence suggests the importance of activity-dependent mechanisms in synapse formation at both the neuromuscular junction as well as the central synapse (Scheetz et al., 1997; Wu and Cline, 1998; Tao and Poo, 2005) . In the developing brain, many glutamate synapses are initially AMPA-silent but can transmit NMDA receptor-mediated signaling (LoTurco et al., 1991) . When presynaptic activity is paired with postsynaptic depolarization, the voltage-dependent Mg 2ϩ block of the NMDA channel is relieved and AMPA signaling becomes active (Isaac et al., 1995; Liao et al., 1995; Xiao et al., 2004) . Because GABA has an excitatory effect on developing neurons, we hypothesized that GABA may provide the depolarization necessary to activate the AMPA-silent synapses via an NMDA receptor-dependent mechanism. To test this hypothesis, we attempted to rescue the developmental defect of AMPA synapse formation in Nkcc1-knockdown cells with an NMDA receptor mutant that is less sensitive to the voltage-dependent block by Mg 2ϩ and therefore not dependent on membrane depolarization induced by GABA (Wollmuth et al., 1998a,b) . Outside-out patch recordings of wild-type P0 cortical neurons in the presence of 1 mM extracellular Mg 2ϩ and 40 M glycine revealed the typical voltage-dependent Mg 2ϩ block relieved by depolarization and blocked by NMDA receptor antagonist D-AP-5 (Fig. 6 A) . However, neurons electroporated with a previously characterized NMDA receptor mutant with an Nϩ1S substitution at the NR2A subunit revealed channel currents that lacked voltage-dependent block at negative holding potentials as described previously by Wollmuth et al. (1998b) (Fig. 6 A, B) .
Interestingly, when we coelectroporated Nkcc1-shRNA with the NR2Amut channel at E15, we found that the NR2Amut channel indeed rescued the reduced AMPA sPSCs observed in Nkcc1-shRNA-expressing cells (t test; Nkcc1-shRNA vs Nkcc1ϩNR2Amut; 2 weeks: 0.06 Ϯ 0.03 vs 0.62 Ϯ 0.13 Hz, p ϭ 0.0005; 3 weeks: 0.16 Ϯ 0.10 vs 0.80 Ϯ 0.16 Hz, p ϭ 0.0030) (Fig.  6C,E) . NR2Amut also rescued the decrease in GABA sPSC frequency observed in Nkcc1-knockdown neurons at 2 weeks (t test; Nkcc1-shRNA vs Nkcc1ϩNR2Amut; 2 weeks: 0.16 Ϯ 0.05 vs 0.42 Ϯ 0.07 Hz, p ϭ 0.0001; 3 weeks: 1.55 Ϯ 0.61 vs 1.31 Ϯ 0.26 Hz, p ϭ 0.6824) (Fig. 6 D, F ) . Proportions of AMPA-and GABAmediated sPSCs in rescue neurons resembled those of control neurons and were significantly different from those in Nkcc1-shRNA-expressing neurons both at 2 weeks (t test; Nkcc1-shRNA vs Nkcc1ϩNR2Amut; AMPA: 0.17 Ϯ 0.07 vs 0.42 Ϯ 0.07, p ϭ 0.0247; GABA: 0.92 Ϯ 0.13 vs 0.59 Ϯ 0.06, p ϭ 0.0280) and 3 weeks (t test; Nkcc1-shRNA vs Nkcc1ϩNR2Amut; AMPA: 0.12 Ϯ 0.06 vs 0.57 Ϯ 0.06, p Ͻ 0.0001; GABA: 0.81 Ϯ 0.05 vs 0.65 Ϯ 0.05, p ϭ 0.0324) (Fig. 6C-F ) . To confirm that the observed rescue was attributable to the voltage independence of NR2Amut, we coexpressed wild-type NR2A with Nkcc1-shRNA and analyzed the sPSCs. Interestingly, at 2 weeks, electroporation of NR2A was unable to rescue the decrease in AMPA synapse formation but was able to rescue the decrease in 0.0030) (Fig. 6C,D) , further suggesting that GABA and AMPA synapses develop by different mechanisms and that the development of AMPA synapses is uniquely dependent on NMDA receptor activation by GABA-mediated depolarization. To control for the effect of overexpressing NR2Amut, we electroporated NR2Amut with YFP and found that early expression of NR2Amut did not alter the frequency or proportion of AMPA and GABA sPSCs compared with control neurons at 3 weeks (t test; DsRed-shRNA vs NR2Amut:YFP; AMPA: 1.6 Ϯ 0.4 vs 1.2 Ϯ 0.4 Hz, p ϭ 0.4229; GABA: 1.9 Ϯ 0.5 vs 1.0 Ϯ 0.2 Hz, p ϭ 0.1000) (Fig. 6 E, F ) . Thus, only the expression of an NMDA receptor that can be activated without membrane depolarization was able to restore the balance between excitatory and inhibitory synaptic inputs on the newborn neurons.
To also confirm that NMDA receptor activation during the period of GABA depolarization is critical for synapse development, we performed RNAi knockdown of NR1, the obligatory NMDA receptor subunit, to assess the effect on synaptic transmission in cortical neurons. To test the efficacy of NR1 knockdown, we recorded NMDA currents from 1-week-old cortical neurons of mice electroporated with NR1-shRNA at E15. After a 5 s focal application of NMDA (30 M), control neurons from electroporated animals displayed large inward NMDA-mediated currents recorded from a holding potential of Ϫ70 mV and in the presence of Mg 2ϩ -free bath solution containing TTx (0.5 M), bicuculline (100 M), and DNQX (20 M) (Fig. 7A) . However, NR1-shRNA-expressing neurons had drastically decreased current amplitudes in response to NMDA application compared with controls (t test; control vs NR1-shRNA; 64 Ϯ 3 vs 8 Ϯ 3 pA; p Ͻ 0.0001) (Fig. 7 A, B) . Interestingly, NR1 knockdown during the period of GABA depolarization caused a decrease in total sPSC frequency at 2 weeks but not at 3 weeks (t test; DsRed-shRNA vs NR1-shRNA; 2 weeks: 1.93 Ϯ 0.25 vs 0.82 Ϯ 0.18 Hz, p ϭ 0.0017; 3 weeks: 3.62 Ϯ 0.64 vs 3.96 Ϯ 1.27 Hz, p ϭ 0.8011) (Fig. 7B) . Moreover, the decrease in synaptic transmission at 2 weeks was attributable to a selective failure to develop excitatory AMPA transmission, whereas GABA sPSCs were not significantly decreased (t test; DsRed-shRNA vs NR1-shRNA; AMPA: 0.86 Ϯ 0.17 vs 0.29 Ϯ 0.09 Hz, p ϭ 0.0019; GABA: 0.70 Ϯ 0.15 vs 0.44 Ϯ 0.07 Hz, p ϭ 0.2277) (Fig. 7C,D) , similar to the effect of Nkcc1 knockdown. Together, this evidence strongly suggests a process in which GABA-induced depolarization through GABA A R activation is required to induce the expression of AMPA synapses by activating NMDA receptors, supporting a Hebbian mechanism of synapse formation via an activity-dependent detection of both excitatory and inhibitory neurotransmission.
Discussion
A precise balance of excitatory glutamatergic and inhibitory GABAergic synaptic inputs onto mammalian cortical neurons is essential for the proper function of cortical circuits. We now provide evidence for an activity-dependent mechanism by which early depolarizing GABAergic inputs regulate the development of AMPA receptormediated glutamatergic synapses via an NMDA receptor-mediated process. First, using electrophysiological recordings, we show that abolishing GABA-mediated excitation in utero by RNAi knockdown and bumetanide block significantly reduces the development of AMPA receptormediated transmission in the first weeks after birth and persists into early adulthood. Second, we show through an array of morphological analysis that dendritic arbors as well as spine density and spine length are altered when GABA excitation is blocked. These observations provide additional evidence for a loss of glutamatergic transmission because these morphological changes most likely reflect responses of neurons to decreased AMPA transmission (Wu and Cline, 1998; Cline, 2001; CohenCory, 2002; Zhou et al., 2004; Haas et al., 2006) . Third, we show that the Nkcc-RNAi phenotype is rescued by a mutant voltageindependent NMDA receptor and replicated by NR1 knockdown, indicating that the role of GABA in glutamatergic synaptic development is dependent on its ability to depolarize and activate voltage-dependent NMDA receptors.
The high intracellular chloride gradient in immature neurons has been observed in all species studied and thus is highly evolutionarily conserved (Owens et al., 1996; Khazipov et al., 2001; Akerman and Cline, 2006) . Because GABA-mediated spontaneous synaptic activity develops before glutamatergic synaptic activity in the perinatal neocortex, these large and slow depolarizations may provide the first excitatory drive necessary for activitydependent synapse formation (Ben-Ari, 2006) . By altering the chloride gradient of newborn cortical neurons in vivo, we demonstrate here that GABA-induced excitation via GABA A R activation plays a permissive role in the formation of synaptic inputs on newborn cortical neurons. Our findings complement a recent study of newly generated granule neurons in the adult dentate gyrus, providing evidence that GABA-mediated excitation drives synaptic integration of newborn neurons in both embryos and adults (Ge et al., 2006) . The depolarizing effects of GABA provide a rational solution to the problem of equilibrating excitation and inhibition during brain maturation. Because E GABA is closer to the resting membrane potential than E glutamate , GABA A R activation can drive action potentials and calcium influx without the toxic effects associated with glutamate overexcitation, thus modulating developmental processes without risking cell injury (BenAri, 2006) .
The long-lasting effects (up to 4 weeks after birth) of disruptions in early GABA signaling seen here suggest that there may be a critical period for cortical synaptogenesis similar to the critical period for visual cortex plasticity (Hensch, 2005) . Our findings seemingly contradict a previous study in which visual deprivation during a sensitive period in rat resulted in a net increase in excitatory and decrease in inhibitory synaptic drive in layer 4 neurons of the primary visual cortex (Maffei et al., 2004) . However, the cortical plate, but these initial glutamatergic synapses are "silent" because of the Mg 2ϩ block of NMDA receptors at the resting membrane potential (LoTurco et al., 1991; Akerman and Cline, 2006) . GABAergic depolarization can facilitate relief of this voltage-dependent Mg 2ϩ block and allow Ca 2ϩ entry to initiate intracellular signaling cascades (Leinekugel et al., 1997) . Our NR1 knockdown data confirm previous findings in which RNAi knockdown of NR1 in cultured hippocampal neurons led to an increase in synaptic spine motility, a decrease in spine stabilization, and an eventual loss of excitatory synapses (Alvarez et al., 2007) . Whereas Alvarez et al. (2007) suggest that the physical interaction of the NR1 C-terminal tail is responsible for the longterm stabilization of synapse and spines, our data suggest that the ionotropic property of NMDA receptors is critical for excitatory synapse formation. The differences seen here may be attributable to experimental manipulations and timing of knockdown (in utero delivery of RNAi in vivo at E15 vs transfection of organotypic slice cultures of P7 rat hippocampus).
Cooperation with NMDA receptor activation represents an early form of coincidence detection between GABAergic and glutamatergic inputs. We propose a model in which GABA activation, reflecting the quantity of GABAergic (and eventually inhibitory) inputs onto the newborn neuron, permits the development of glutamatergic synapses (Fig. 8) . Thus, the balance between excitation and inhibition is ensured from the beginning of synaptogenesis. 
